Conventional hemodynamic measurements and Doppler echocardiography were used to assess ventricular physiology of the human cardiac allograft and to examine the influence of pertinent clinical factors on chronic myocardial performance. Sixty-four patients (18-55 years old; mean, 39 years) undergoing routine annual hemodynamic assessment were studied. Blood-flow velocity properties across the mitral, tricuspid, and aortic valves were analyzed from Doppler ultrasound recordings. Ten of these patients had elevated diastolic pressures associated with a sharp early diastolic dip followed by an exaggerated and abrupt rise in pressure, consistent with restrictive-constrictive ventricular physiology. Left ventricular dP/dt and stroke volume were lower in these patients compared with the other 54 patients. Doppler echocardiographic indexes of left ventricular filling and ejection in these 10 patients differed significantly. Isovolumic relaxation time and pressure half-time were shorter, peak early mitral and tricuspid flow velocities were higher, and mean aortic flow velocity and acceleration were lower. A higher rejection incidence was the only demonstrable clinical factor associated with impaired ventricular function. Doppler echocardiography may, therefore, noninvasively identify patients with hemodynamic evidence of restrictive-constrictive physiology. This abnormality occurs in approximately 15% of allograft recipients, is associated with impaired systolic performance, and may be related to rejection incidence. (Circulation 1989;79:66-75 been shown to be reversed by adequate rejection therapy. In contrast, chronic diastolic function of the nonrejecting allograft, and the factors influencing it, have not been fully elucidated.
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The aims of the present study were 1) to assess left ventricular systolic and diastolic function of the nonrejecting cardiac allograft with conventional hemodynamic indexes and Doppler echocardiography; 2) to assess the frequency of restrictive-constrictive patterns of left ventricular filling in long-term cardiac allograft recipients; and 3) to examine the role of certain clinical factors in the development of restrictive-constrictive physiology in these patients. the study; 64 of 95 patients had full hemodynamic and echocardiographic studies and were included. The remaining 31 were excluded because of either inadequate Doppler recordings (10 patients) or failure to obtain patient consent. All accepted patients gave informed consent to the protocol, which had been approved by the Committee for the Protection of Human Subjects at Stanford University Medical Center. The patient population consisted of 59 men and five women aged 18-55 years (mean, 39 years) who had undergone orthotopic cardiac transplantation 1-13 years (mean, 5 years) before the study. The indication for transplantation was myocardial failure due to dilated cardiomyopathy in 35 patients and coronary artery disease in 29 patients. Mean donor age was 21±4.6 years. Maintenance immunosuppression in nine patients consisted of azathioprine (0.5 ± 0.08 mg/kg/day) and prednisone (0.2±0.07 mg/kg/day). The remaining 55 patients received cyclosporine (1.5-5.5 mg/kg/day; mean, 3.6 ± 1.7 mg/kg/day) in addition to azathioprine (0.45 ± 0.05 mg/kg/day) and prednisone (0.2 ± 0.07 mg/kg/day).
All patients taking cyclosporine had documented systemic hypertension requiring medication: 30 were treated with prazosin (mean dose, 3 mg t.i.d.), 25 with hydralazine (mean dose, 50 mg t.i.d.), and 10 with atenolol (mean dose, 50 mg q.d.). None of the nine patients on the azathioprine and prednisone regimen had documented hypertension. New York Heart Association (NYHA) functional Class was I in 54 patients, II in six patients, III in three patients, and IV in one patient.
The clinical characteristics of patients with restrictive-constrictive physiology by hemodynamic criteria as defined below were compared with those demonstrating a normal filling pattern. The factors examined were donor and recipient ages; graft ischemia time, defined as the time from crossclamping the donor aorta to release of the recipient aorta; time from transplantation; NYHA classification; systemic arterial pressure; immunosuppressive regimen (ventricular function in the 10 patients whose immunosuppression did not include cyclosporine was compared with the remainder who were receiving cyclosporine); and total number of rejection episodes (for each patient, the absolute number of rejection episodes requiring augmentation of immunosuppressive agents, both early and late postoperatively, was tabulated). Cardiac Catheterization and Hemodynamic
Measurements
Left heart catheterization was performed from the femoral approach. Intracardial pressures and waveforms were recorded with a fluid-filled pigtail catheter attached to a micromanometer transducer. The system shows a flat frequency response to 18 Hz and less than 10% deviation to 24 Hz. Right heart pressures and contours were recorded with a balloon-tipped flow-directed thermodilution catheter. Cardiac output was calculated by the Fick method from triplicate measurements of oxygen consumption and normalized for body surface area (cardiac index). Stroke volume was computed from cardiac output and heart rate, and dP/dt and Vmax were analyzed from left ventricular pressure recordings. Coronary arteriography was performed by the Judkins technique. Right ventricular endomyocardial biopsy specimens were obtained with a CavesSchultz bioptome from the internal jugular vein according to the previously described technique. 6 Hemodynamic classification as restrictiveconstrictive or nonrestrictive ventricular physiology was made after review of all ventricular pressure tracings by three observers. Restrictive-constrictive physiology of either ventricle was diagnosed if all observers noted a characteristic sharp dip followed by an increased and abrupt rise in ventricular pressure in early diastole. It was required that the rise in diastolic pressure preceding the a wave exceed 4 mm Hg. Equalization of ventricular diastolic pressures was not a prerequisite for diagnosis.
Endomyocardial Biopsy
At least four biopsy specimens of right ventricular endomyocardial tissue were obtained from each patient and graded for rejection according to the Billingham7 criteria: normal, no rejection; mild rejection, cellular infiltrate without myocyte necrosis; moderate rejection, cellular infiltration and myocyte necrosis; and severe rejection, above abnormality plus hemorrhage.
Right ventricular biopsy specimens from a subset of 32 patients were graded independently for severity of fibrosis by an experienced cardiac pathologist without previous knowledge of the clinical features of each patient. Because of the patchy nature of myocardial fibrosis, two separate scores, each from 1 to 3, were ascribed to each patient: one score was ascribed to the most affected biopsy piece examined, and a second score was ascribed to the least affected piece from each specimen. These scores were then averaged separately to give two mean scores for the group, one indicating the most severe and the other indicating the least severe fibrosis present on biopsy.
The above histologic features of endomyocardial biopsies from the patients demonstrating restrictiveconstrictive hemodynamic properties were compared with those of the rest of the group. Figure 1 : isovolumic relaxation time (IVRT), peak early mitral valve flow velocity (M1), rate of peak early mitral flow deceleration expressed as pressure half-time,8 and peak mitral flow velocity after left atrial systole (M2). The ratio of peak early to late mitral flow velocity (M1: M2) was computed for each patient. Likewise, right ventricular filling characteristics during apnea were assessed in a subset of 22 patients by measurements of peak early flow velocity across the tricuspid valve (T1), pressure half-time, and peak tricuspid flow velocity after right atrial systole (T2). In each patient, the mean values obtained from five consecutive beats not influenced by recipient atrial contraction9 were obtained for the Doppler indexes.
The parameters of systolic function measured ( Figure 1 ) were peak aortic flow velocity and time to peak velocity. The mean acceleration of the aortic velocity (ACC) was calculated as: ACC = peak velocity/time to peak x 1,000 cm/sec2 Eight of the 10 patients with restrictiveconstrictive physiology had symptoms of heart failure: four were functional Class II, three were Class III, and one was Class IV. The remaining two patients were asymptomatic. The patient with the most severe symptoms (Class IV) died 3 months later of end-stage ventricular failure. Autopsy of the allograft revealed a nondilated hypertrophied heart with extensive myocardial fibrosis and pericardial thickening.
One of the functional Class III patients had hemodynamic evidence of left ventricular systolic dysfunction as well as restrictive physiology. He was evaluated for pericardial constriction, and although Mmode echocardiography suggested a thickened pericardium, a computed tomographic scan failed to confirm this. Retransplantation was planned but avoided because of intraoperative finding of an extensively thickened pericardium. Total pericardial resection was therefore performed. This was followed by symptomatic improvement to functional Class II, decreased diastolic pressures, and improvement in his Doppler ultrasound indexes of left and right ventricular filling. However, his left ventricular pressure half-time remains short at 40 msec, and abnormal systolic function persists at 12 months after pericardiectomy.
Another Class III patient had angiographic evidence of coronary artery disease and died suddenly 3 months later. The third patient died of intractable heart failure 20 months after transplantation.
The four patients in functional Class II have remained stable for up to 12 months after this study. function, this study examines the diagnosis, etiology, and prognosis of restrictive-constrictive physiology in cardiac transplant recipients. Abnormal ventricular function was observed in 15% of the patients studied beyond 1 year after transplantation. The hemodynamic abnormality defined was a dip followed by an abrupt and exaggerated rise in early diastolic ventricular pressure, consistent with restrictive-constrictive physiology. This diastolic abnormality was associated with impaired systolic performance. Abnormal systolic function was never documented in the absence of the defined diastolic dysfunction. The criteria for diagnosis of restrictiveconstrictive physiology were broader than what is conventionally used and thus was subject to criticism. This choice was based on observations that many patients had abnormal ventricular pressure contours despite normal pressure measurements; thus, raised diastolic pressure was not an absolute criterion for diagnosis. Likewise, equalization of pressures was not uniformly present in patients with hemodynamically significant restrictive-constrictive physiology.
The instantaneous pressure drop at the atrioventricular valve is related to the pressure half-time,lt both of which can be accurately measured from the Doppler ultrasound mitral velocity signal.8 Before the present study, to our knowledge Doppler echocardiography has not been used to assess diastolic abnormalities in long-term transplant recipients.
Results of the present study indicate that abnormalities of the characteristic waveform across the mitral and tricuspid valves reflect abnormalities in ventricular filling dynamics. Thus, Doppler echocardiography provides a sensitive noninvasive method for assessing ventricular diastolic function in the chronic allograft. Mitral and tricuspid flow velocity profiles revealed characteristic abnormalities mirroring the hemodynamic findings: abrupt and rapid deceleration of mitral and tricuspid blood flow velocities (reflected in shortened pressure half-times) were consistent with abrupt and rapid rise in early diastolic pressure or rapid filling waves.12 Increased left atrial pressure may result in relatively earlier opening of the mitral valve and so account for the shortened IVRT compared with that in nonrestrictive conditions.12 In this way, mitral valve opening during especially rapid ventricular pressure decline may explain the high peak early mitral flow velocities characteristically seen in these patients. High peak early tricuspid flow velocity may be similarly explained.
Mitral valve pressure half-time in patients without hemodynamic evidence of restrictive physiology was similar to that of control subjects, suggesting a normal left ventricular pressure response to filling in early diastole. Despite normal hemodynamic findings, these patients differed significantly from control subjects in some Doppler ultrasound indexes of left ventricular function, suggesting possible subtle diastolic abnormalities of the long-term human allograft. For Because some patients with restrictive-constrictive physiology appear to develop clinically significant ventricular dys-function, it is important that the etiology of diastolic abnormalities be explored. The present study documents an association between impaired ventricular function of the human allograft and rejection incidence. This suggestion of cumulative immune-mediated ventricular dysfunction, not previously reported, could have important implications for the prevention and management of'acute and chronic rejection. Since the introduction of cyclosporine, clinical and histologic features of acute rejection have become less florid22; consequently, there has been a tendency to treat less aggressively. For example, many centers, including our own, do not augment immunosuppression unless there is evidence of myocyte necrosis on biopsy specimens. Because 50% of mild rejection episodes progress to myocyte necrosis (M.E. Billingham, personal communication), recognition of associated ventricular dysfunction may influence management of these patients.
Autopsy examination of the transplanted heart supports the hypothesis that ventricular diastolic function may be due to coronary disease of the graft. 23 This obliterative proliferation of the coronary artery endothelium may be a manifestation of chronic rejection, which may in turn be linked to acute rejection incidence. 24 In the present study, however, there was no demonstrable relation between angiographically defined coronary artery disease and ventricular dysfunction. This is consistent with some reports but contrasts with others that document an association between rejection incidence and coronary artery disease. The discrepancy may be due to the poor sensitivity of conventional arteriography as a means of diagnosing allograft coronary artery disease. Hence, occult coronary artery disease may have contributed to the abnormal ventricular physiology noted in two patients who were subsequently found to have severe coronary artery disease within 12 months.
Fibrosis is a recognized consequence of several possible insults to the heart, of which recurrent inflammation is one. Thus, the trend toward a higher fibrosis score in patients with restrictive physiology may reasonably be attributed to higher rejection incidence in these patiknts. An early report of myocardial fibrosis occurring in association with cyclosporine treatment25 prompted speculation that cyclosporine may contribute to diastolic abnormalities of the allograft. More recently, Greenberg1 failed to confirm an association between myocardial fibrosis and use of cyclosporine. Our results are consistent with the absence of a direct relation between impaired ventricular function and cyclosporine use.
Finally, in a small proportion of patients, restrictiveconstrictive physiology appears to develop despite an unremarkable rejection history or angiographically defined coronary artery disease, as in one patient in the present study. These relations are clearly complex and will require further study to define the link between abnormal diastolic function and immune-mediated damage of the allograft.
